Objective-We recently isolated and characterized endothelial-like CD31 ϩ cells derived from mouse embryonic stem (mES) cells and identified their transcriptome. The main objective of this study was to determine the functional relevance of the transcripts of unknown function (TUF) for vasculature development. Methods and Results-We selected 2 TUFs of more than 27 to study their role for blood vessel development in zebrafish.
S ince the sequencing of multiple mammalian genomes, including the human genome, the functional characterization of transcripts with unknown function (TUFs) is in the focus of interest. Transcripts that show tissue-specific expression are of particular interest to study organ-specific functions and organ development. Embryonic stem (ES) cells offer an attractive model system to rapidly identify TUFs in somatic cells derived in vitro. [1] [2] [3] CD31 (also known as PECAM-1), a member of the immunoglobulin gene superfamily, is highly expressed on the surface of endothelial cells and moderately expressed on leukocytes and platelets. 4 We recently isolated and characterized a ES cell-derived CD31 ϩ population that exhibits endothelial-like characteristics such as incorporation of DiI-labeled acetylated low-density lipoprotein as well as formation of tubular structures on matrigel. 5 Comparative bioinformatic analysis demonstrated enrichment of functional annotations related to angiogenesis, vasculogenesis, and blood coagulation in this cell population. 5 The ze-brafish Danio rerio has emerged as a powerful vertebrate model to study gene function. It has key advantages for studying vascular development via knockdown experiments: embryos survive even in the absence of blood circulation for approximately 7 days postfertilization (7 dpf), thus permitting screening for vascular mutants, 6 and transgenic zebrafish expressing enhanced green fluorescent protein (EGFP) [Tg(flk1:EFGP), Tg(fli1:EGFP)] throughout the vasculature greatly facilitate in vivo studies of vessel formation. 7, 8 In zebrafish embryos, the first vascular endothelial precursors called angioblasts arise from the lateral plate mesoderm. During middle and late somitogenesis, they reside in the region known as the intermediate cell mass. The cells in the lateral posterior mesoderm express endothelial and hematopoietic markers, suggesting that they include bipotential precursors for both the hematopoietic and angioblastic lineages, termed hemangioblasts. 9,10 A 2-step mechanism for vessel formation has been proposed based on time-lapse multiphoton microscopy of living Tg(fli1:EGFP) zebrafish embryos. 11 In the first step, pairs of endothelial sprouts emerge bilaterally from the dorsal aorta close to the intersomitic boundaries at Ϸ20 hours postfertilization (hpf) and form an initial primary network of vascular segments. Once the formation of the primary aorta-derived vascular network is completed, in the second step a new secondary set of vascular sprouts begins to emerge exclusively from the posterior cardinal vein, beginning at Ϸ1.5 dpf. These secondary sprouts interact dynamically with the primary network to form a functional vasculature.
In the present study, we identified all the TUFs specifically upregulated in endothelial-like CD31 ϩ cells and functionally characterized their role in vascular development using the in vivo zebrafish model.
Materials and Methods

Animals
Zebrafish embryos were obtained from natural spawning of wildtype (wt) or Tg(fli1:EGFP) zebrafish line (a kind gift from Dr Gerd-Jörg Rauch, Heidelberg, Germany). Embryos were raised and fishes were maintained as described. 12 Embryos were incubated either at 23.5 or 28.5°C and staged as described. 13 To inhibit pigmentation, embryos were treated with 0.2 mmol/L 1-phenyl-2thiourea (PTU, Sigma) after 24 hpf. The absence of blood circulation was determined under a stereomicroscope (Leica). Morpholino antisense oligonucleotide (MO)-injected embryos were compared with uninjected and mismatch MO (MMO)-injected controls from the same clutch. Gata1:DsRed transgenic animals were a kind gift from Jean-Pierre Levraud and originally generated in the laboratory of Dr Leonard Zon, Children's Hospital Boston and the Howard Hughes Medical Institute, Boston, Mass. 14
Design and Microinjection of MO
cDNA sequences of transcripts corresponding to the probe sets of interest were obtained from NetAffx. Predicted peptide sequences were obtained from NCBI Unigene, and putative zebrafish orthologs were identified using BLASTX against the Ensembl Zebrafish peptide database. Among the list of hits, those with lowest e-values (not higher than 10 Ϫ5 ) were examined, the most probable match was identified and the start of the open reading frame was used for MO design. MOs (Gene Tools) were designed complementary to the region of translational initiation of the zebrafish orthologs to inhibit protein translation. The MOs were diluted to 0.5 to 1.0 mmol/L in H 2 O, 0.1 mol/L KCl and 0.2% phenol red. MO injections were performed on 1-to 2-cell embryos using Femtojet (Eppendorf). Control injections were done with the corresponding MMO. Morpholino antisense oligonucleotide sequences are as follows: TUF1-MO1: CTTACTCCTTTTCCAGGGCAGCATG; TUF1-MO2: TCCTGAAAGAGTGGAACGGATTCAG; TUF1-MMO: CTTAGTCGTTTTGCAGCGCAGGATG;
TUF2-MO1: TTTGACTTTCTTTACATCCTCCTCC.
Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization was performed as previously described. 15 Embryos were processed using an automated InsituPro system (Abimed) as described previously. 16 Digoxygenin-labeled RNA probes were prepared using RNA labeling kit (Roche) and stained using BM purple (Roche). Whole-mount embryos were observed under a stereomicroscope (Leica) and photographed (Axiocam, Zeiss). The PCR primers (forward and reverse primers are flanked with T3 and T7 promoter sequences respectively) used for the generation of in situ probes are as follows: TUF1-Forw-T3-5Ј-AATTAACCCTCACTAAAG GGACCCGCAGCAACTATGGC-3Ј, TUF1-Rev-T7-5Ј-TAATACG-ACTCACTATAG GGTAACTGAAACCTCATCCA-3Ј, TUF2-Forw-T3-5Ј-AATTAACCCTCACTAAAG GGCATCTCTCAATCTATAGT-3Ј, TUF2-Rev-T7-5Ј-TAATACGACTCACTATAG GGTCCCAT-TCGTCGCCCTCA-3Ј, VE-cad Forw-T3-5Ј-AATTAACCCTCA-CTAAAGGGCAGATGACTGAGCCTGTC-3Ј, VE-cad Rev-T7-5Ј-TAATACGACTCACTATAGGGCATGTCTTTGGCTTGAAC-3Ј, Fli Forw-T3-5Ј-AATTAACCCTCACTAAAGGGTGAGTGAAGACCA-GTCTCTG-3Ј, Fli Rev-T7-5Ј-TAATACGACTCACTATAGGGA-CCTCGGTGTTATAAACG-3Ј, Flk1 Forw-T3-5Ј-AATTAACCC-TCACTAAAGGGCACTAGGATGAAA-3Ј, Flk1 Rev-T7-5Ј-TA-ATACGACTCACTATAGGGTGGTGTGGAGTAA-3Ј.
Generating a Control Construct to Test the Specificity of the MOs
mRNA was isolated from 72-hpf-old zebrafish embryos using the trizol protocol with TRIZOL reagent (Gibco). cDNA was generated by first-strand synthesis using the SuperScript III-Kit (Invitrogen) according to the manufacturer's manual. The PCR primers (forward and reverse primers are flanked with ClaI and NcoI restriction sites, respectively) used for the generation of 5ЈUTR sequence are as follows:
TUF1-Forw-ClaI-5Ј-GCTATCGATCCTGGAGTTTTT-CCAGAAGC-3Ј, TUF1-Rev-NcoI-5Ј-CTACCATGGGATCCTGA-AAGAGTCGAACG-3Ј. Control constructs (5ЈUTR including target sequence of the MO in front of GFP) were generated in the pCS2ϩ eGFP backbone 17 by digesting the PCR product and the eGFP-pCS2ϩ vector with ClaI and NcoI (NEB). All constructs were validated by sequencing. Plasmids were linearized with NotI to drive transcription from the SP6 promoter and mRNA was synthesized using the mMessage mMachine kit (Ambion). mRNA was injected in the range of 250 ng/L in a solution containing 0.1 mol/L KCl and 0.2% Phenol red into 1-cell stage embryos. After injection the embryos were transferred into a petridish with system water and incubated to the desired stage. Injections were performed using FemtoJet and a micromanipulator (Eppendorf).
Results
Identification of Transcripts of Unknown Function From CD31 ؉ Cells Isolated From Mouse Embryonic Stem Cells
As we described previously, we identified 259 transcripts that were highly expressed in CD31 ϩ cells (t test probability value Ͻ0.01 and fold change Ͼ2) compared to undifferentiated mES cells and 8-day-old EBs. 5 Among these, 229 transcripts have known roles in endothelial differentiation or vascular development and 27 are previously uncharacterized transcripts of unknown function (TUFs; supplemental Table I , available online at http://atvb.ahajournals.org). We extended our analysis focusing on 2 TUFs (1426734_at and 1435600_s_at, named TUF1 and TUF2, respectively) that were significantly elevated in the CD31 ϩ cells (Figure 1 ). We have chosen TUF1 and TUF2, because in contrast to the other TUFs their function was completely unknown and open reading frames (ORFs) of TUF1 and TUF2 can be clearly located. A clear location is essential for designing of zebrafish morpholinos which block translation.
Identification of TUF1 and TUF2 Zebrafish Orthologs
Mouse cDNA sequence BC022623 (TUF1) corresponds to the protein FAM43A, an uncharacterized protein containing 424 amino acids with a molecular weight of 46.2 kDa. It has a conserved phosphotyrosine-binding (PTB) domain (supplemental Figure IA ). PTB domains, also known as phosphotyrosineinteracting domains (PIDs), have a pleckstrin homology (PH)-like fold. PH domains are found in a large variety of signaling proteins 18 and are involved in cell signaling and cytoskeletal rearrangement. 19 Using the mouse cDNA sequence as a query, we identified a putative zebrafish ortholog (similarity 50%) for TUF1, which corresponds to an unknown protein containing 305 amino acids and a PTB domain (supplemental Figure IB (Figure 2A , iii). Sense ISH did not show staining at all (Figure 2A , ii lower panel), indicating that TUF1 is also ubiquitously expressed at a low level according to the slight overall staining in the antisense ISH.
Mouse BC020535 cDNA sequence (TUF2), an uncharacterized protein C20orf160 (Chromosome 20 open reading frame 160) homolog, has high similarity to a region of cerebral cavernous malformation 2 (human CCM2), which plays a role in vasculogenesis and is associated with cerebral cavernous malformations on gene mutation. 20 The mouse protein contains 564 amino acids with a molecular weight of 62 kDa.
MO Knockdown of TUF2
The MO knockdown of TUF2 in 17 of 20 morphants resulted in a phenotype with an enlarged heart (Figure 2Bii ) compared to wt (Figure 2Bi ) as detected by cmlc2 (cardiac myosin light chain 2) expression (heart indicated by arrow). Embryos lacked circulation completely (Table) . During our studies, Mably et al 21 published their findings on the role of the TUF2 transcript which they named valentine in their study confirming our findings and demonstrating the validity of our approach. Rather than duplicating this work, we focused on the functional characterization of TUF1.
MO Targeting Sequence-EGFP mRNA Expression in the Presence of TUF1 MO
To test the specificity of the MO-TUF1, mRNA was transcribed in vitro using a construct that consists of the MO targeting sequence of TUF1 in the front of an EGFP reporter sequence. Injection of this mRNA leads to a bright fluorescence in 81 embryos of 86 as well as in 73 embryos of 79 after coinjection of this mRNA with the MMO. In contrast, coinjection of the mRNA together with the corresponding MO resulted in a suppression of EGFP expression in 78 embryos of 87 because of the specific binding of MO to the 5Ј-UTR region (Figure 3 ).
Knockdown of TUF1 Affects Blood Circulation but Did Not Affect Hematopoiesis
To investigate the potential role of TUF1 for blood vessel or hematopoietic development, we performed a functional knockdown by injection of MO into 1 to 2 cell stage embryos obtained from the Tg(fli1:EGFP) zebrafish embryos. Zebrafish fli1 (Friend leukemia virus integration 1) promoter drives the expression of enhanced green fluorescent protein (EGFP) in all blood vessels throughout embryogenesis. 7 Fli1, a member of the Ets family of transcription factor genes, is expressed in hematopoietic and endothelial cells. 22 Morphants were difficult to distinguish from the uninjected embryos until 24 hpf. However, they were distinguishable from the wild-type after the onset of blood circulation and displayed more prominent defects by 48 hpf (Table) .
After 3 dpf, circulation defects were observed in 46% and 37% of the TUF1-MO1 and TUF1-MO2 morphants, respectively, whereas none of the MMO-injected embryos showed this defect. Scoring of the phenotypes demonstrated that 42%/32% of the TUF1-MO1/TUF1-MO2 morphants lacked blood circulation completely, whereas 4%/5% of the respective morphants showed abnormal circulation in which blood cells were circulating in an irregular manner with reduced blood flow velocity (supplemental Video files II) compared to the control animals (supplemental Video files 1). In 42% of the morphants an almost complete blood stasis was observed, apparently because of the clogging/clumping of blood as a result of the reduced velocity of the blood flow. Diaminofluorene staining further confirmed that the blood cells in the morphants were accumulated at various positions including brain, trunk, and above the yolk sac at 48 hpf ( Figure 4A , I through IV). The hemorrhagic effect of the TUF1 knockdown has been confirmed by additional experiments performed on transgenic gata1:DsRed zebrafish animals. As demonstrated in Figure 4A (vi), knockdown of TUF1 resulted in accumulation of blood cells in the caudal vasculature, in the ventral part of the CCV as compared to the untreated embryos ( Figure 4A , v). To analyze whether the knockdown affected the hematopoietic development, we performed whole-mount in situ hybridization with a gata-1 riboprobe in wild-type animals and morphants at 18 to 20 somite stage. In zebrafish, gata-1 is initially detected at the 2-somite stage in 2 stripes of cells that flank the paraxial mesoderm of the posterior embryo. 23 We observed similar expression of gata-1 in both the wild-type and the morphants ( Figure 4B ), suggesting that TUF1 knockdown did not affect hematopoiesis and the circulatory phenotype could be attributable to a vascular defect.
Knockdown of TUF1 Causes Blood Vessel Defects and Affects the Expression of Endothelial Markers
Because the above observations suggested an important role of TUF1 for the development of blood vessels, we further investigated vessel morphology and the expression of vascular markers. Knockdown of TUF1 by MO injection resulted in the disruption of ISVs as shown by EGFP expression ( Figure 5B ) compared to control animals ( Figure 5A ). Morphants were able to form rudimentary major vessels. Interestingly, although the angiogenic sprouting of ISVs was not affected, the assembly and patterning of ISVs was disturbed. As shown in Figure 5B , DLAV formation was impaired. These alterations might be attributable to the inability of the ISV sprouts to migrate properly. To ascertain the requirement of TUF1 for correct vessel formation, we repeated these experiments using a second TUF1-MO. As shown in Figure  5C , these TUF1-MO2 morphants showed similar defects as those observed with TUF1-MO1.
To examine the vascular defects in TUF1 morphants, we analyzed the expression of vascular markers by whole-mount in situ hybridization. mRNA of the 3 endothelial markers Flk1, Fli1, and Cdh5 was detected in the 2 major vessels, dorsal aorta and posterior cardinal vein in wild-type embryos, whereas expression of these markers in the ISVs of morphants reflected the missing endothelial cells ( Figure 5D and 5E) which is consistent with the aberrant EGFP expression ( Figure 5B ).
Discussion
The main obstacles to study the function of endothelial-or cardiac-specific TUFs in vivo are the identification of cells of the developing cardiovascular system in the early embryo and the practical difficulties in obtaining purified cells in sufficient quantities. To accelerate the identification and functional characterization of TUFs relevant for the development of the vasculature we pursued a combined strategy using ES cells and the zebrafish model along with high throughput genomics. Although gene expression profiling of endothelial cells isolated either from human or mouse ES cells has been reported previously, 24 -26 there are few functional validation studies of TUFs using morpholino-mediated knockdown in zebrafish 27 or analyzing TUF expression patterns by in situ hybridization. 3, 28 Injected embryos were scored for circulation defects after 3 dpf. ЉAbnormal circulationЉ refers to the embryos with reduced blood flow attributable to hemorrhage at various locations including brain, trunk, and above the yolk sac. ЉNoneЉ refers to the embryos with absence of circulation. MMO refers to the mismatch morpholino. Whole-mount in situ hybridization with a gata-1 riboprobe in wild-type and morphant embryos at the 18 to 20 somite stage showed that the knockdown of TUF1 did not affect hematopoiesis. In zebrafish, gata-1 is first detected at the 2-somite stage in 2 stripes of cells that flank the paraxial mesoderm of the posterior embryo. 23 Diaminofluorene stain-ing revealed that the gene knockdown also leads to hemorrhage. Our results suggest that TUF1 is not involved in hematopoiesis but rather is specifically involved in ISV patterning.
TUF2 has been identified as cDNA clone BC020535 and has high similarity to human CCM2. CCM2 plays a role in vasculogenesis, and CCM2 mutations are associated with cerebral cavernous malformations. 20 The CCM2 locus has been identified as the MGC4607 or malcaverin gene, encoding a protein with a putative phosphotyrosine binding domain. 20 This protein is involved in the regulation of integrin signaling pathway, and when perturbed it causes abnormal vascular morphogenesis in the brain leading to cerebral cavernous malformations. 20 Cerebral cavernous malformations (CCMs) are vascular anomalies characterized by abnormally enlarged capillary cavities without intervening brain parenchyma. 29 They cause seizures and focal neurological deficits due to cerebral hemorrhages. Denier et al, 2004 have identified MGC4607 as the CCM2 gene suggesting that it is a new player in vascular morphogenesis. 29 CCM2, like CCM1, is expressed by endothelial cells, more specifically by the arterial and microvascular endothelium. 30 The above study also reports CCM2 protein expression in mouse brain, which is detected in pyramidal cells and astrocytes.
Valentine (vtn) was identified as the zebrafish homolog of human CCM2 by positional cloning. 21 The valentine protein is highly conserved across vertebrates. Whole-mount in situ hybridization of 28 hpf embryos with a vtn probe has demonstrated vtn expression in the brain ventricular zone, with weaker expression in the vein. 21 Our MO knockdown resulted in a phenotype with an enlarged heart ( Figure 2E ), and the embryos had no circulation (Table) . Our results are in accordance with the above study. 21 Notably, we identified the functional role of this gene applying an entirely different ES cell/zebrafish approach than Mably et al, 21 illustrating that our strategy for identifying TUFs of interest is a valid approach for studying vascular development. In summary, our strategy proved optimal to discover developmentally regulated TUFs under physiological conditions and to validate their function for vascular development.
The development of vasculature includes (1) differentiation of endothelial cells which results in an assembly of vascular tubules, (2) sprout formation, and (3) the development of large vessels from smaller blood vessels. 31 Intersomitic (ie, intersegmental) vessels are a useful model for sprouting angiogenesis and vessel pathfinding. They are the first vessels in the embryo to form by sprouting angiogenesis and their navigation between somites is guided by the same cues that guide axon growth cones (for review see 32 ) .
We found that knockdown of TUF1 induces a partial angiogenic arrest of the intersomitic vasculature (ISV). Therefore we may conclude that TUF1 is required for the angiogenic process. This phenomenon has been described also for well-characterized genes such as EphrinB2. Knockdown of EphrinB2 in mice resulted in angiogenic arrest of ISV. 33 Also severe defects in sprouting of intersomitic vessels from the dorsal aorta have been demonstrated for C-terminal Src kinase (Csk) knockout mouse embryos. 31 As mentioned, TUF1 has a conserved phosphotyrosine-binding (PTB) domain. PTB domains have a pleckstrin homology (PH)-like fold. Guanine nucleotide exchange factors (GEFs) include a PH domain and frequently also a Dbl homology (DH) domain that catalyze the GDP-GTP exchange reaction of Rho proteins, thereby transmitting signals regulating actin-containing fibers and gene expression. 34 We may therefore hypothesize that TUF1 encodes for a new GEF that is involved in intersomitic vascular development. Interestingly, it has been shown that Sema3E and Plexin-D1 acting through GEFs are both required for intersomitic vascular patterning. 35 The adaptor protein APPL1 also contains a PH domain, a PTB domain, and a leucine zipper motif 1. The specific function of APPL1 is not known; however, it is speculated that it may recruit kinases AKT2 and PI3K to the cell membrane. 36 AKT2 and PI3K are members of the VEGF pathway which has been shown to be crucial for normal angiogenesis in the embryo. 37, 38 It is not so far off to conclude that TUF1 via domains similar to those found in APPL1 plays a role in regulating endothelial cell migration and vessel connectivity. In TUF1 morphants, ISVs are often truncated or branch out aberrantly, without having a specific pattern. We therefore suggest that this functional defect is likely attributable to a disruption of blood vessels, which could result from a defect during the migration of endothelial cells or during ISVs patterning. It could also be that certain guidance signals (signaling molecules) might play a role in mispatterning of the ISVs. However, defects in endothelial cell polarity (meandering endothelial cells may form such aberrant structures), in regulation of actin cytoskeletal reorganization, or in the recruitment of pericytes that are required to stabilize vessel integrity may be also responsible for ISV defects observed after knockdown of the TUF1. Further work is required to explore the mechanism(s) involved by which somitovasculin regulates the integrity of the ISVs and vessel patterning. 
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